Thirty UK Climate Projections 2009 (UKCP09) scenarios are simulated using a MIKE SHE/MIKE 11 model of a restored floodplain in eastern England. Annual precipitation exhibits uncertainty in direction of change. Extreme changes (10 and 90% probability) range between −27 and +30%. The central probability projects small declines (<−4%). Wetter winters and drier summers predominate. Potential evapotranspiration increases for most scenarios (annual range of change: −41 to +2%). Declines in mean discharge predominate (range: −41 to +25%). Reductions of 11-17% are projected for the central probability. High and low flows, and the frequency of bankfull discharge exceedence reduce in most cases. Duration of winter high floodplain water tables declines. Summer water tables are on average at least 0.11 and 0.18 m lower for the 2050s and 2080s, respectively. Flood extent declines in most scenarios. Drier conditions will likely induce ecological responses including impacts on floodplain vegetation.
Introduction
Flooding and associated delivery of sediment and nutrients exert important controls on natural floodplains. The diversity of hydro-ecological conditions that result from disturbances due to regular floods and high water tables drives high habitat heterogeneity and primary productivity (Grevilliot et al. 1998 , Ward 1998 , Gowing et al. 2002 , Woodcock et al. 2005 . The diverse array of microhabitats commonly found on natural floodplains is a key driver of their high biodiversity (Junk et al. 1989 , Silvertown et al. 1999 , Ward et al. 1999 , Tockner and Stanford 2002 , Dwire et al. 2006 , Freeman et al. 2007 , Arthington et al. 2015 . Similarly, strong hydrological links underpin numerous ecosystem services provided by rivers and their floodplains (Zedler and Kercher 2005, Kondolf et al. 2006 ). These services include provision of habitat and maintenance of biodiversity that in turn support catchmentwide fisheries as well as nutrient retention, floodwater storage and flood peak attenuation (Hill 1996 , Ward et al. 2002 , Bullock and Acreman 2003 , Baker and Vervier 2004 , Forshay and Stanley 2005 , Acreman et al. 2007 , Naiman et al. 2010 .
However, many rivers around the world have been embanked, channelized and deepened to improve agricultural productivity on floodplains and to protect land from flooding (Buijse et al. 2002, Tockner and Stanford 2002) . For example, 40% of total river length in England and Wales has been classified as severely modified (Environment Agency 2010). Channelization and embanking restricts or even completely disables overbank flow mechanisms. This reduces the magnitude and frequency of transfers of water, sediment and nutrients between rivers and their floodplains (e.g. Tockner et al. 1999 , Wyżga 2001 , Antheunisse et al. 2006 . Resulting changes in floodplain hydrological conditions contribute to significant ecological degradation, with consequent impacts on ecosystem service delivery (Erskine 1992 , Ward and Stanford 1995 , Petts and Calow 1996 , Nilsson and Svedmark 2002 , Pedroli et al. 2002 .
Re-establishing hydrological connections between rivers and floodplains is an increasingly common management approach to restoring these aquatic ecosystems (e.g. Acreman et al. 2003 , Blackwell and Maltby 2006 , Pescott and Wentworth 2011 , Addy et al. 2016 . Floodplain restoration, frequently involving reconfiguration of river channels and removal of embankments, is often designed with a number of objectives. A more natural, dynamic, flood-pulsed hydrological regime benefits floodplain biodiversity and ecosystem CONTACT Julian R. Thompson j.r.thompson@ucl.ac.uk services such as nutrient retention, whilst temporary storage of floodwater contributes to catchment-wide flood management strategies (Muhar et al. 1995 , Bernhardt et al. 2005 , Blackwell and Maltby 2006 , Pescott and Wentworth 2011 . Assessment of the impacts of restoration upon floodplain hydrology, and in turn inferring likely ecological responses, ideally requires long-term monitoring both before and after restoration (Addy et al. 2016) . However, such monitoring programmes are rare (Kondolf 1995, Darby and Sear 2008) . Extended monitoring before restoration is often impractical given financial and other pressures to proceed with restoration as soon as possible within project lifespans. Similarly, funding for extensive post-restoration monitoring is only infrequently available. Even when monitoring is undertaken before and after restoration, relatively short records and inter-annual climate variability complicate direct comparison of pre-and postrestoration conditions (e.g. Clilverd et al. 2013) . Added uncertainty over future hydrological conditions on restored floodplains is linked to climate change. Unequivocal climate warming (IPCC 2014) will alter precipitation and evapotranspiration, which will, in turn, impact river flows and groundwater levels (e.g. Kundzewicz et al. 2007 , Bates et al. 2008 . Irrespective of floodplain restoration, changes in climate and resultant modifications to local and catchment-wide hydrological responses are likely to impact hydrological conditions within floodplains and other wetlands (e.g. Acreman et al. 2009 , Erwin 2009 ). These impacts on restored river-floodplain systems remain largely unknown.
Hydrological/hydraulic modelling has huge potential to tackle these issues. Models can enhance understanding of the hydrological functioning of floodplains and similar wetlands, which can, in turn, inform improvements in their management (e.g. , House et al. 2016b . Modelling provides a means of assessing potential impacts of river and floodplain restoration (e.g. , Hammersmark et al. 2008 , as well as investigating the consequences of climate change (e.g. Thompson et al. 2009 , Karim et al. 2016 , House et al. 2016a , 2017 . The current study employs a coupled hydrological/ hydraulic model that was originally designed to assess the hydrological impacts of restoring a small floodplain in eastern England . The impacts of climate change upon the hydrological conditions (river flow, groundwater level, and flood extent and frequency) within the post-restoration floodplain are investigated by forcing model inputs with projections of future UK climate.
Methods

Study site: Hunworth Meadow
Hunworth Meadow is located adjacent to the River Glaven, a small (length: 17 km, catchment area: 115 km 2 ), lowland, calcareous river in North Norfolk, UK (Fig. 1) . The catchment has a chalk bedrock overlain by chalk-rich sandy till and glaciogenic sand and gravel (Moorlock et al. 2002) . Floodplain soils consist of alluvial deposits up to 2 m thick (Clilverd et al. 2013) . Catchment land cover is a mosaic of agricultural land, deciduous and coniferous woodland and grazing meadows. Regional mean annual rainfall is approximately 620 mm, exceeding annual evapotranspiration of about 600 mm. Rainfall is higher in autumn and winter, whilst in summer potential evapotranspiration commonly exceeds precipitation. River flow is typical of the region's chalk streams, with highest flows occurring in winter, whilst the mean baseflow index for the gauging station at Hunworth, immediately upstream of the meadow, is 0.81 (Clilverd et al. 2013) . Mean discharge at this station for the period 2001-2010 is 0.26 m 3 s −1 with the largest recorded discharge being 3.1 m 3 s −1 . Many reaches of the River Glaven have been modified through channel deepening and straightening and, although conservation work has removed embankments along some reaches, along much of its length embankments disconnect the river from its floodplain. Some floodplains have also been subject to extensive drainage and the conversion for agricultural use (Clilverd et al. 2013) .
Hunworth Meadow, which before restoration was typical of many floodplains along the Glaven, is located in the middle reaches of the river. It is approximately 400 m long, 40-80 m wide and has an area approaching 3 ha. Topography follows a general downstream gradient, with a fall of less than 1.0 m over the length of the meadow. The meadow is bounded to the northeast by an arable and woodland hillslope, whilst the river lies to the southwest (Fig. 1 ). Prior to restoration, this river section was constrained by embankments. These ranged in height from 0.4 to 1.1 m above the meadow surface and were designed to limit overbank flows from the river onto the floodplain (Clilverd et al. 2013) . Mean channel width and depth (from the top of the embankment to the deepest point of the channel) were 3.7 and 1.4 m, respectively. Whilst there is an agricultural ditch running parallel to the river and close to the foot of the hillslope, during the study it was blocked at its downstream end, resulting in near-permanent water within a shallow pond at the lowest part of the floodplain. The meadow's vegetation before restoration comprised a degraded Holcus lanatus-Juncus effusus rush pasture community (MG10 according to the UK National Vegetation Classification, NVC, Rodwell 1992), typically associated with waterlogged soils .
Restoration works were undertaken at Hunworth Meadow in March 2009. With the exception of a short (approx. 20 m) section left to protect European water vole (Arvicola amphibious) burrows, the embankments were removed along the length of the river. As a result, the elevation of the riverbanks was lowered to the level of the adjacent meadow, whilst channel depth and cross-sectional area were reduced by approximately 44 and 60%, respectively (Clilverd et al. 2013 . The rationale for the restoration was to improve the connection between the river and its floodplain, improve flood storage and establish a floodplain hydrological regime that would diversify wet meadow vegetation (e.g. Hammersmark et al. 2008 , Castellarin et al. 2010 , Viers et al. 2012 .
Hunworth Meadow coupled hydrological/hydraulic modelling developed models of pre-restoration (embanked) and post-restoration (no embankment) conditions using the MIKE SHE/MIKE 11 modelling system, which has proven utility for floodplain and wetland environments (e.g. , Hammersmark et al. 2008 , Duranel et al. 2016 , House et al. 2016b ). Since provide a detailed description of the Hunworth models, only a brief account is provided herein.
Pre-and post-restoration models only differed in the representation of floodplain topography in the location of the embankments and cross-sections of the River Glaven. Topographic data were derived from dGPS surveys conducted before and after embankment removal (Clilverd et al. 2013) . These data were resampled to the 5038 cells of the 5 m × 5 m model grid. The model domain included Hunworth Meadow and extended to the summits of the hillsides on either side of the river. Upstream and downstream limits of the domain coincided with a disused railway embankment and a smaller embankment carrying an agricultural track, respectively. Given the small size of the model domain, spatially uniform precipitation and potential evapotranspiration (PET) were specified. Daily precipitation data were initially provided by an automatic weather station (AWS) installed 100 m from the meadow (Fig. 1) supplemented by a nearby (<10 km) UK Met Office meteorological station at Mannington Hall. Daily Penman-Monteith PET (Monteith 1965) was calculated from air temperature, net radiation, relative humidity and wind speed from the AWS (Clilverd et al. 2013) .
A relatively simple one-layer saturated zone was employed using the 3D finite difference scheme to represent average hydrogeological conditions in the upper alluvial and glacial soils, which are separated from the underlying chalk by low permeability boulder clay. Hydraulic conductivity was adjusted during calibration, with initial values guided by piezometer slug tests (Clilverd et al. 2013 ). An area of much lower hydraulic conductivity was specified in the location of the pond at the downstream end of the meadow. Zero flow boundaries were applied along the summits of the hillsides and the upstream end of the meadow, based on assumptions that the groundwater divide follows the topographic divide and foundations of the railway embankment restrict subsurface flow. In contrast, and to facilitate potential subsurface flow perpendicular to the river, a constant head was specified across the downstream boundary of the meadow using mean groundwater elevation from a well transect (see below) towards the downstream end of the meadow. Relatively small-scale, rapid runoff along the base of the hillside and along the agricultural ditch was represented using the saturated zone drainage option with drainage levels and time constants being varied during calibration. The conceptual two-layer water balance unsaturated zone scheme was used. This is particularly appropriate in high water table situations such as those within the meadow (e.g. Thompson 2012) . A uniform soil was specified across the model domain, with each of the five unsaturated zone parameters (infiltration rate, soil water content at saturation, field capacity and wilting point, and the ET depth) being varied during calibration but guided by slug tests, water release characteristics derived from sandbox experiments, soil porosity and the literature (Chubarova 1972 , Das 2002 , DHI 2007 , Zotarelli et al. 2010 .
Four land-use classes were defined within the MIKE SHE models: riparian grassland, mixed deciduous/coniferous woodland, arable land and roads/buildings. Root depths and leaf area index (LAI) for each of the vegetation classes were specified from the literature (Canadell et al. 1996 , Hough and Jones 1997 , Herbst et al. 2008 , Thorup-Kristensen et al. 2009 , FAO 2013 and included temporal variations to reflect seasonal vegetation development. Root depth and LAI were both defined as 0 for roads/buildings. The same landcover classes were used to distribute the Manning's roughness for overland flow, which was varied during calibration but guided by literature values (USDA 1986 .
Two MIKE 11 models were developed, one for the original embanked conditions and the other for postembankment removal. Each model was dynamically coupled to the corresponding (embanked/restored) MIKE SHE model using the approach described by DHI (2007) . The reach of the River Glaven running immediately upstream, through and downstream of the meadow was digitized from 1:10 000 Ordnance Survey digital data (Land-Line.Plus). Cross-sections were specified at approximately 10-m intervals using results from the pre-and post-restoration dGPS surveys. Daily mean discharge from the gauging station immediately above the meadow was specified as the upstream boundary condition, whilst a constant water level just above the riverbed was applied to the lower boundary. This prevented the river drying out and enabled discharge from the downstream end of MIKE 11, whilst the extension of the river model below the meadow avoided the specified boundary condition from impacting simulated water levels within the study reach (e.g. . A time-varying Manning's n roughness coefficient was specified throughout the MIKE 11 model using the method adopted by House et al. (2016b) . This represented seasonal macrophyte growth and dieback, which has been shown to impact water levels within the Glaven (Clilverd et al. 2013 ). Manning's n values and the macrophyte growth cycle were guided by the literature (Flynn et al. 2002 , House et al. 2016b . In the absence of information on the spatial distribution of macrophytes and in common with House et al. (2016b) , this time-varying Manning's n value was spatially uniform along the length of the MIKE 11 model. The MIKE SHE/MIKE 11 coupling included the specification of flood codes to determine the MIKE SHE grid squares that could be directly inundated from MIKE 11. These cells comprised the immediate riparian area including those coincident with the MIKE 11 model, those containing the embankments (if present) and a zone up to 10 m (i.e. two MIKE SHE grid cells) onto the meadow. These cells would flood if MIKE 11 simulated water levels exceeded their elevation. Once a cell was flooded, the overland flow component of MIKE SHE would simulate surface water movement onto adjacent grid cells further from the river (see ).
The maximum model time step was 24 h for most MIKE SHE components, the exception being the finite difference overland flow component, where a 0.25-h time step was required for numerical stability. MIKE 11 models were set up to run at 1-min time steps. Model results were stored at a 24-h interval to coincide with observations used in model calibration and validation. These observations were primarily from 10 shallow (1-2 m deep) wells installed in three transects ( Fig. 1 ). Mean daily groundwater levels were obtained from pressure transducers installed in the wells and were supplemented by less frequent manual well dipping (see Clilverd et al. 2013) . A three-stage calibration/validation approach was employed. Initially the pre-restoration model was calibrated using the 13 months between 22 February 2007 and 14 March 2008 followed by validation using the subsequent 12month period (15 March 2008 -15 March 2009 ), the end of which coincided with embankment removal. A second validation was undertaken by specifying calibrated parameter values within the post-restoration model, which was run for the 16 months after embankment removal (29 March 2009 -25 July 2010 . Calibration was initially undertaken using an automatic procedure (e.g. Madsen 2000 Madsen , 2003 using a coarser 15 m × 15 m model grid to reduce computational time. Final parameter values were refined manually using the 5 m × 5 m model with performance assessed using the root mean square error (RMSE), the Pearson correlation coefficient (r), and the Nash-Sutcliffe efficiency coefficient (NSE; Nash and Sutcliffe 1970) . These statistics were also used in assessing model performance for the validation periods. discussed the model results in detail, demonstrating generally very good agreement between observed and simulated groundwater levels throughout the calibration and validation periods. The mean error was typically less than ±0.05 m, whilst the correlation coefficient (r) averaged 0.85, 0.80 and 0.85 for the calibration and pre-and post-restoration validation periods, respectively. NSE values were between 0.50 and 0.80 for most wells, suggesting fair to good performance. The observed rapid responses in groundwater levels during high magnitude rainfall events, especially close to the river, and the more gradual declines through spring and summer were both clearly reproduced (e.g. Fig. 2 ). Simulated seasonal fluctuations in levels in the range of 0.40-0.60 cm were also close to those observed on the meadow. Given the good performance of the models for both pre-and post-restoration conditions, assessed the impacts of embankment removal by running each model over an extended period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) which encompassed a range of climate and river flow conditions. As for the calibration and validation periods, the Hunworth gauging station provided upstream boundary conditions for MIKE 11. In the absence of data from the automatic weather station, precipitation and Penman-Monteith PET for the MIKE SHE models were derived from the Mannington Hall meteorological station. Results demonstrated that the largest impacts of embankment removal were the increase in widespread inundation at high river flows and much more frequent localized flooding during smaller events. Enhanced river-floodplain hydrological connectivity led to some raised groundwater levels, in particular close to the river, and increased subsurface storage. It was argued that a more natural wetland ecotone would eventually form following the restoration, in which frequent localized flooding would be a dominant factor. Assessing whether such changes will persist under future climatic conditions provides the impetus for the current study.
Climate change scenarios
Climate change scenarios were developed using the change/delta factor approach. Whilst this method assumes that climate variability does not change, and as such it does not represent changes in event frequency and distribution (Chiew et al. 1995 , Graham et al. 2007 , it does permit a robust comparison of average outcomes and as result it has been extensively used in hydrological studies of climate change (e.g. Arnell and Reynard 1996 , Arnell 2004 , Ho et al. 2016 . Baseline precipitation and PET data employed within the MIKE SHE/MIKE 11 model of Hunworth Meadow were perturbed using the 2009 UK Climate Projections (UKCP09) following the method described by Thompson (2012) . UKCP09, described in detail by Jenkins et al. (2009) , provides probabilistic projections for a series of atmospheric variables under three emission scenarios; Low, Medium and High, corresponding to the B1, A1B and A1FI scenarios in the IPCC Special Report on Emissions Scenarios (SRES, IPCC 2000) . Probability distribution functions are provided for each atmospheric variable that are designed to represent uncertainty in future climate. Projections are based on a large perturbed physics ensemble using the Met Office Hadley Centre's HadCM3 global climate model and results from a further 12 global climate models (GCMs). GCM projections are downscaled to a 25 × 25 km grid using the HadRM3 regional climate model (Murphy et al. 2009 ) and are available for seven overlapping 30-year time slices that step forward by a decade from 2010-2039 to 2070-2099. Changes in atmospheric variables with reference to a 30-year baseline period are available for monthly, seasonal and annual average periods.
Projections for the three emission scenarios for the 2040-2069 and 2070-2099 time slices (referred to as the 2050s and 2080s, respectively) were selected to represent conditions towards the middle and end of the current century. However, since the baseline simulation period for the Hunworth model (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) falls outside the UKCP09 baseline period, results are likely to be representative of conditions towards the latter part and immediately beyond the end of each time slice (see Thompson et al. 2009 ). Monthly changes in precipitation, minimum, mean and maximum temperatures (°C), relative humidity (%) and total downward surface shortwave flux (W m 2 ) were abstracted from the HadRM3 model grid in which the Hunworth Meadow is located. This was undertaken for probabilities between the 10 and 90% levels in 20% increments, giving a total of 30 scenarios (15 for each time slice). In accordance with the recommendations of Murphy et al. (2009) , extreme probabilities beyond this range were not used. This range of probabilities includes the central estimate of change (the change that is as likely as not to be exceeded, i.e. the 50% probability level) and is bounded by the changes that are very likely to be exceeded (10% probability level) and those that are very unlikely to be exceeded (90% probability level). Scenarios are referred to in the form 2050M 50 (i.e. the 2050 time slice, Medium emission scenario, 50% probability level). The original daily precipitation data for the period 2001-2010 were multiplied by the UKCP09 monthly percentage changes to provide scenario precipitation time series (Thompson 2012 ). In the same way, projected changes in minimum, mean and maximum temperatures, relative humidity and total downward surface shortwave flux were used to perturb the corresponding meteorological time series. In the absence of scenario wind speed within the UKCP09 projections, the original time series was retained. Subsequently, perturbed meteorological data were used to recalculate Penman-Monteith PET for each scenario (e.g. Thompson et al. 2009 Thompson et al. , 2014 .
Development of scenario discharge was based on the approach adopted by House et al. (2016a) . A rainfallrunoff model of the 37.6 km 2 catchment above the Hunworth gauging station was developed using MIKE NAM. This is a deterministic, lumped conceptual catchment model with continuous accounting of soil moisture within interrelated storages (surface, soil and groundwater) and the flows between them (e.g. DHI 2009 , Hafezparast et al. 2013 . The simulation period for the NAM model was identical to that employed in the assessment of the impacts of embankment removal using the MIKE SHE/MIKE 11 model of Hunworth Meadow (i.e. 2001 Meadow (i.e. -2010 . Daily precipitation and PET for the NAM model were specified as the same time series employed in the MIKE SHE/MIKE 11 model. Spatially uniform precipitation and PET were considered appropriate given the relatively small size of the catchment. Calibration was based on comparisons between observed and simulated discharges at the Hunworth gauging station, with the relatively short duration of the record for this station limiting the traditional split sample approach. Initially an automatic multiple objective calibration routine was employed with the objective functions based on daily discharge comprising the overall water balance and RMSE and the RMSE error for both high and low flows. The parameters in the automatic calibration included maximum water content in the surface and root zone storage, the overland flow runoff coefficient, time constants for interflow, routing overland flow and routing baseflow, and the root zone threshold values for overland flow, interflow and groundwater recharge. Parameter values defined at the end of the automatic calibration were subsequently fine-tuned manually (e.g. Thompson et al. 2013) , with model performance being evaluated for both daily and monthly mean discharge using NSE, r and bias (Dv, i.e. the percentage deviation in simulated mean flow from the observed mean flow; Henriksen et al. 2003) . Monthly climate change delta factors for discharge were established by running the NAM model with the perturbed precipitation and PET for each scenario. Differences between baseline and scenario mean monthly discharges, expressed as a percentage, were subsequently applied to the original discharge record for Hunworth.
The MIKE SHE/MIKE 11 model of post-restoration conditions was used to simulate each scenario by substituting the original precipitation and PET time series within MIKE SHE with those established using the methods described above. Perturbed river discharge time series was specified at the upstream boundary for the coupled MIKE 11 model. The same 2001-2010 period was employed for each scenario, with results being compared to those from the baseline model (i.e. the model using the original precipitation, PET and discharge time series).
Results
Scenario climate
Mean annual total precipitation and PET for the 2001-2010 baseline and each climate change scenario are shown in the top half of Table 1. Figure 3 shows the mean monthly distribution of precipitation and PET for the baseline and each scenario. Changes in precipitation due to different probability levels vary not only in magnitude but also in direction. Mean annual precipitation declines for probability levels between 10 and 50% and increases for higher probability levels (70 and 90%). Changes in annual precipitation (baseline: 773.2 mm) that are as likely as not to be exceeded (50% probability level) are associated with very small reductions. For the 2050s these are between 13.9 mm (1.8%, Low) and 21.2 mm (2.7%, Medium). Reductions are similarly small for the 2080s, ranging between 9.9 mm (1.3%, Low) and 27.1 mm (3.5%, High). Declines in mean annual precipitation for the 2050s that are very likely to be exceeded (10% probability) vary between 164.2 mm (21.2%, Low) and 171.3 mm (22.2%, High). The corresponding figures for the 2080s indicate maximum projected declines of between 163.7 mm (21.2%) and 210.2 mm (27.2%), respectively. At the other extreme, increases in annual precipitation that are very unlikely to be exceeded (90% probability) are of similar magnitude to declines projected for the 10% probability level, ranging from 159.9 mm (20.7%, Medium) to 185.0 mm (23.9%, High) for the 2050s and from 183.9 mm (23.8%, Low) to 230.4 mm (29.8%, High) for the 2080s. Figure 3 shows marked seasonal variations in projected changes in precipitation that vary between scenarios. For the 2050s, the two most extreme probability scenarios project year-round declines (10% probability) and increases (90% probability) in precipitation. This is nearly repeated for the 2080s apart from small (≤3%) increases in February precipitation (for 2080M 10 and 2080H 10 ) and even smaller (0.2%) declines in August (2080M 90 ). Progressively more months are projected to experience gains in precipitation with increasing probability level. For example, between 3 and 4 (5 for the 2080s) months, centred on January/February, experience higher precipitation for the 30% probability level. This increases to 5-7 (2050s) and 6-7 (2080s) for the 50% probability level. For the 70% probability level scenarios, projected declines in monthly mean precipitation are largely restricted to the summer months of July-September. As with annual precipitation, the magnitude of changes in monthly precipitation generally, although not exclusively, increase from Low, through Medium to High emission scenarios, with changes in the 2080s generally exceeding those for the 2050s. For example, precipitation in November, which under baseline conditions is the wettest month (84.9 mm) is, for the central (50%) probability level in the 2050s, projected to increase by 4.4, 9.6 and 11% for the Low, Medium and High emission scenarios, respectively. Extreme (Low and High) changes for this probability level in the 2080s are associated with increases of 13.2 and 15.2%, respectively. The same trend is evident in the summer declines in precipitation that are projected for most scenarios. The largest absolute and percentage declines occur in August. For the 50% probability level these vary between 19.8% (Low) and 30.4% (Medium) for the 2050s and from 23.9% (Low) and 40.2% (High) for the 2080s.
The uncertainty in the direction of change that is evident for precipitation is largely absent for PET. Table 1 shows that whilst the 10% probability level produces declines in annual PET for all three emission scenarios in both time slices, these changes are very small (no more than 9.4 mm or 1.8% of the 509.0 mm baseline). Beyond this probability level, annual PET increases for all scenarios. The magnitude of these changes progressively increases with higher probability level, emission scenario and future time slice. For the central (50%) probability level annual PET increases by between 55.4 mm (10.9%, Low) and 64.2 mm (12.6%, High) in the 2050s. The corresponding range for the 2080s is 63.7-92.3 mm (12.5-18.1%). Changes very unlikely to be exceeded (90% probability level) range over 128.9-147.9 mm (25.3-29.1%) for the 2050s and 147.6-210.1 mm (29.0-41.3%) for the 2080s. Beyond the 10% probability level, which tends to produce small declines in summer months and even smaller increases when baseline PET is low, mean monthly PET increases through most of the year (Fig. 3) . The exceptions to this are PET declines projected for December and/or January for many scenarios, although, given the very low PET at this time, these changes are extremely small in real terms. Some of the largest absolute and percentage increases in PET are projected for the summer months of June-August, which under baseline conditions experience the largest monthly PET totals. For example, increases in August (baseline PET: 70.9mm) for the 50% probability level Table 1 . Mean annual precipitation, potential evapotranspiration (PET) and net precipitation (precipitation -PET) (mm), and number (% of the total 120 months in brackets) when precipitation > PET (i.e. net precipitation is positive) for the baseline and each UKCP09 scenario. Shaded cells indicate reductions compared to the baseline. An initial indication of the likely hydrological impacts of the changes in precipitation and PET discussed above is provided in the bottom half of Table 1 . Mean annual net precipitation (precipitation -PET) for the baseline and each scenario are shown. The number of months (and percentage of the 120 months for which data are available) when net precipitation is positive is also provided for the baseline and scenarios. Annual net precipitation does suggest a dominant drying trend for the climate change scenarios. With the exception of changes that are very unlikely to be exceeded (i.e. the 90% probability level), annual net precipitation declines from the baseline of 264.2 mm for all scenarios (Table 1) . For a given time slice and emission scenario, the magnitude of these reductions declines with higher probability level, whilst in most cases there is a consistent increase in the size of the reductions (i.e. lower net precipitation) from Low, through Medium to High emission scenario. The 2080s are associated with larger reductions in net precipitation than the 2050s. At the extreme low probability (10%) level, the magnitudes of the reductions range between 154.7 mm (58.6%) and 165.0 mm (62.5%) for the 2050s and 156.6 mm (59.3%) and 208.4 mm (78.9%) for the 2080s. The smaller reductions for the 50% probability level range between 69.3 mm (26.2%) and 78.8 mm (29.8%) for the 2050s. The corresponding figures for the 2080s are 73.6 mm (27.9%) and 119.4 mm (45.2%). These reductions are larger than the increases projected for the 90% probability level: 2050s: 27.3 mm (M) to 41.6 mm (L) (10.3-15.7%); 2080s: 18.5 mm (M) to 36.3 mm (L) (7.0-13.7%).
Despite the increases in mean annual net precipitation for the 90% probability level scenarios, the incidence of positive monthly net precipitation throughout the simulation period declines for all 30 of the climate change scenarios. At the 90% probability level, these reductions are relatively small; 1 month for the Low emission scenario in both the 2050s and 2080s increasing to 2 (2050s) and 6 (2080s) months for the High emission scenario. At the other extreme (10% probability), the incidence of positive net precipitation declines by between 10 (Low) and 13 (Medium) months for the 2050s and between 11 (Low) and 14 (Medium and High) months in the 2080s. The central (50%) probability level is associated with reductions in the number of months with positive net precipitation of between 5 and 8 (Low and High, respectively) for the 2050s and 7 and 13 (again for the Low and High emission scenarios) for the 2080s.
Scenario River Glaven discharge
Observed and MIKE NAM simulated discharges of the River Glaven at Hunworth for the period 2001-2010 are shown at both daily and monthly resolutions in Figure 4 . Seasonality in baseflow and timing of flood events is clearly reproduced at the daily resolution ( Fig. 4top) , although the magnitude of individual floods does tend to vary between observed and simulated discharges. An approximately equal number of events are overestimated and underestimated. This may result from temporal variations in runoff characteristics that cannot be represented within the model and result from the inherent patchiness of the largely agricultural landscape and its impacts on hydrological behaviour (see for example Fiener et al. 2011) . As a result, whilst the value of bias (Dv: 0.19%) is classified as "excellent" according to the model performance classification scheme of Henriksen et al. (2008) , NSE (0.57) is classed as "fair". The value of the Pearson correlation coefficient (r), which is not included in the performance classification scheme, is 0.76. The impact of differential representation of peak events is largely removed when observed and simulated discharges are compared at a monthly time step (Fig. 4  bottom) . Values of DV, NSE and r are 0.20% ("excellent"), 0.768 ("very good") and 0.881, respectively. Since the discharge delta factors approach is based on differences between baseline and scenario mean monthly discharges simulated by NAM, model performance is considered sufficient to enable its use in deriving perturbed River Glaven discharge for the climate change scenario using the approach described above.
The impact of the UKCP09 climate change scenarios upon the discharge of the River Glaven at Hunworth is summarized in Table 2 . This shows the mean, Q5 and Q95 (exceeded 5 and 95% of the time, respectively) discharges for the baseline and each scenario for the period 2001-2010. The dominant trend of declining discharge is clearly evident, especially for the high (Q5) and low (Q95) discharges that decline for all the scenarios except those of the 90% probability level. Whilst mean discharge increases for three 70% probability level scenarios, the magnitudes of these increases are very small and of a similar size as declines projected by the other three scenarios of this probability level (total range: −2.2 to 1.0%). For the central probability level (50%) declines in mean discharge vary between 11.2% (Low) and 12.2% (Medium) for the 2050s and between 10.8% (Low) and 16.5% (High) for the 2080s. Much larger declines are projected for the lowest probability (10%) level: 33.8-36.0% and 34.5-41.4% for the Low and High emission scenarios in the 2050s and 2080s, respectively. At the other extreme, the increases in mean discharges that are very unlikely to be exceeded (90% probability level) range over 18.7-22.7% and 20.5-25.2% (Medium and High for the 2050s and 2080s, respectively). The magnitudes of the changes in peak (Q5) discharges are, in percentage terms, very similar to those for the mean. The largest percentage difference between change in Q5 and mean discharge for a given scenario is less than 2.0%. The central probability scenarios project declines in Q5 of between 12.0% (High) and 13.0% (Medium) for the 2050s and between 11.8% (Low) and 15.8% (High) for the 2080s. In percentage terms, changes in Q95 discharge are larger (by on average 9.4%) than those for mean discharge although absolute changes are relatively small. Q95 discharges for the central (50%) probability level decline by between 18.2% (Low) and 21.9% (Medium) for the 2050s whilst for the later time slice larger declines of between 19.7% (Low) and 29.9% (High) are projected. The largest declines are projected for the 10% probability level (43.1-46.7% and 45.3-53.3% for the Low and High emission scenarios in the 2050s and 2080s, respectively). In contrast, the increases in low flows projected by the 90% probability level are smaller (total range 11.7-19.0% for the 2080M 90 and 2050L 90 scenarios, respectively).
Baseline and scenario mean monthly discharges further illustrate the impacts of the UKCP09 projections (Fig. 5 ). Year-round reductions in monthly mean discharges are projected for all probability levels Table 2 . Baseline and UKCP09 scenario mean, Q5 and Q95 discharges (m 3 s −1 ) and frequency of discharge exceeding postrestoration discharge thresholds associated with widespread (1.67 m 3 s −1 ) and localized (0.60 m 3 s −1 ) inundation. Frequency is specified as days for both thresholds (and number of discrete events for localized inundation (94) * Whilst the number of days when the localized inundation discharge threshold is exceeded increases compared to the baseline, the number of discrete events associated with discharges above this threshold declines.
below and including 50% for all emission scenarios and both time slices. The magnitudes of these reductions tend to increase with emission scenario (from Low, through Medium to High) and are, in general, larger in the 2080s compared to the 2050s. For these scenarios, the relatively high discharges in mid-winter (November-January) are reduced more than those of the seasonal peak (0.329 m 3 s −1 ) in February. For example, the mean discharge in February declines by only 3.5% for 2050M 50 , whilst discharges in the three previous months are reduced by between 7.4 and 15.3%. The corresponding reductions for 2080M 50 are 2.7% (February) and 10.4-18.8% (November-January). Summer discharges are, in percentage terms, reduced even more, reflecting the larger reductions in Q95 discussed above. For example, on average the discharges in August and September decline by 24.0 and 27.7% for 2050M 50 and 2080M 50 , respectively. For the 10% probability level these declines are as large as 48.5% (compared to 26.2% for the seasonal peak) for 2050H 10 and 55.1% (compared to 29.4%) for 2080H 10 . For the 70% probability level, winter discharges increase whilst summer low flows decline. The number of months experiencing higher discharges does vary between scenarios, with the increase in the February peak ranging between 7.4% (2050M 70 ) and 12.1% (2080H 70 ). All 90% probability scenarios project year-round increases in monthly mean discharges, with the largest absolute and percentage increases projected for February. For the 2050s these range between 26.2 and 26.4% (Medium and Low, respectively) to 31.9% (High). Increases are larger for the 2080s, ranging between 30.3% (Low) and 42.1% (High). A preliminary assessment of the impacts of changes in river discharge upon flooding of Hunworth Meadow is possible by comparing baseline and scenario discharge time series with estimates of channel capacity identified by . During the period 2001-2010, the observed baseline daily discharge at Hunworth never exceeded the estimated pre-restoration channel capacity of 5.1 m 3 s −1 . This is repeated for all scenario discharge time series, suggesting that, in the absence of embankment removal, overbank inundation would be little impacted by climate change. However, changes from the baseline are evident in the frequency at which lower post-restoration threshold discharges are exceeded. The first of these thresholds (1.67 m 3 s −1 ) corresponds to the bankfull channel capacity that, once exceeded, leads to potentially widespread inundation whilst the second smaller threshold (0.6 m 3 s −1 ) is associated with localized inundation along the river margin. Table 2 summarizes the frequency of these thresholds being exceeded for the baseline and each climate change scenario during the 2001-2010 simulation period. In the case of the higher bankfull threshold, periods of exceedence are limited to a single day. However, the lower threshold is in some cases exceeded for a number of days during any one event. Table 2 therefore shows the total number of days as well the number of discrete events when this threshold is exceeded. The latter is defined as a period when discharge is consistently above 0.6 m 3 s −1 .
The pattern of change in the frequency of postrestoration bankfull discharge exceedence under the different climate change scenarios follows that of the Q5 discharge, with the 10-70% probability level scenarios experiencing potential declines in widespread inundation (the exception being 2080L 70 with no change). The number of events that exceed this threshold discharge declines with a reduction in probability level and for a given level is relatively consistent. The 50% probability level is associated with around a halving of events likely to lead to overbank inundation, whilst all of the 10% probability level scenarios led to only one such event compared to eight for the baseline. At the other extreme, a further two events exceed bankfull channel capacity for all the 90% probability level scenarios. A similar pattern is evident for the 0.6 m 3 s −1 threshold discharge, although there is a little more uncertainty in the direction of change for the 70% probability level. The number of days (events) when this threshold is exceeded declines by between 30.9 and 47.4% (29.8-42.1%) for the central 50% probability level, and by 70.1 and 83.5% (64.9-73.7%) for the 10% probability level. The largest declines are predominantly associated with the higher emission scenarios and later time slice. As with the bankfull threshold, the 90% probability level scenarios produce potential increases in the frequency of localized flooding. The number of days (events) when this threshold discharge is exceeded increases by between 64.9 and 103.1% (43.9-64.9%). The notably largest increases are associated with the 2080H 90 scenario.
Floodplain groundwater levels
Figures 6 and 7 show MIKE SHE simulated daily water table elevations at the location of two of the shallow wells installed within Hunworth Meadow (see Fig. 1 for locations). For clarity, results are shown for the baseline and the 10, 50 and 90% probability levels for each UKCP09 scenario and the two time slices. Simulated water table elevations for intervening probabilities (i.e. 30 and 70%; not shown) lie approximately mid-way between those of adjacent probabilities (see also Thompson 2012) . The selected wells are representative of climate scenario-driven changes in groundwater elevation across the majority of the floodplain (Well 1.4) as well as close to the River Glaven (Well 1.1), although absolute elevations vary following the shallow downstream topographic gradient of the ground surface ). This is evident in Figure 8 , which shows mean monthly water table elevations derived from the complete simulation period for the same two wells and two additional wells located at approximately the same position across the floodplain (Well 3.1 close to the river, Well 3.2 on the floodplain) but towards the upstream end of Hunworth Meadow (see Fig. 1 ).
As discussed by , whilst strong seasonality in simulated groundwater elevation is evident throughout Hunworth Meadow under baseline conditions, the water table is considerably more variable over short timescales close to the river (Fig. 6 ) compared to the majority of the floodplain (Fig. 7) . As shown in Figure 8 , baseline mean monthly water table elevation at Well 3.1, installed at the location of the former embankment where the ground surface was lowered following restoration, is above the ground surface between November and February. Although Well 1.1 is also close to the river, it was not subject to ground surface level changes following embankment removal. While baseline water table elevation is high during these 4 months, it is on average 0.10 m below the ground surface (Fig. 8) . Groundwater does, however, regularly reach the surface in response to individual rain/river flow events (Fig. 6 ). Further away from the river, the influence of individual events tends to diminish and short-term variations in water table elevation are much smaller. This is clearly shown at Well 1.4 located towards the lowest part of the floodplain, where on average under baseline conditions the water table is at the ground surface between December and February ( Fig. 8 ) and in some years for extended periods ( Fig. 7) . Short-lived peaks when the baseline water table elevation is above the ground surface coincide with the flood events that exceed the post-restoration bankfull channel capacity (Table 2 ). These events also impact groundwater levels further upstream on the floodplain (e.g. Well 3.2), although the higher ground surface elevation results in the water table elevation oscillating between being at and below the surface during the winter months, with the result that on average it is just over 0.09 m below the ground surface between December and February (Fig. 8) .
The distinctions between water table elevation close to the river and beneath the wider floodplain are retained in the results for the UKCP09 scenarios (Figs 6 and 7) . Echoing the scenario changes in precipitation and PET and, in turn, river discharge, a dominant trend towards lower groundwater level is apparent at both sets of locations. Differences between baseline and scenario groundwater levels are generally larger beyond the immediate influence of the river (e.g. Well 1.4; Fig. 7) , with the largest changes projected during the summer drawdowns. The magnitude of these summer declines in water table elevation does vary markedly from year to year. Using Well 1.4 as an example of changes across the floodplain beyond the riparian area, the largest individual declines in daily water table elevation occur in late September 2006. For the 2050s, the largest declines at this time for the 10% probability level range between 0.89 m (L 10 ) and 0.93 (H 10 ), whilst the corresponding range for the 2080s is 0.92-1.04 m. This probability level is particularly notable in delaying the autumn rise in water table in this year, a feature that is repeated in a number of other years (e.g. 2003, 2009) . Reductions for the 50% probability level are still relatively large (2050s: 0.75-0.85 m; 2080s: 0.88-1.01 m) and only the 90% probability level (70% also for 2050L) projects increases at this time although these are very small (all < 0.05 m). In contrast, in some years (e.g. 2001 and 2007) that, under baseline conditions, experience relatively wet summers, declines in water table elevation are considerably smaller. For example, in 2001 the largest declines in summer water table elevation at Well 1.4 for a specific scenario are less than a quarter the magnitude of those experienced in 2006. Inter-scenario differences in the highest groundwater elevations are much less evident than those for the lowest elevations ( Fig. 7) . At Well 1.4 the water table still reaches the ground surface in all years in each scenario although, as noted previously, it does so progressively later for the lower probability levels.
The mean monthly water table elevations for Well 1.4 ( Fig. 8 ) summarize these impacts. Declining groundwater levels are projected between at least April and November for all scenarios in both time slices. The period of declining water table elevations expands as probability level declines, with all 10% probability level scenarios projecting declines in every month, although declines in the middle of winter are very small. For a given emission scenario and time slice the magnitude of the reduction in water table level clearly increases as probability level declines. Similarly, larger reductions tend to be associated with the higher emission scenario and more distant time slice. For example, the largest reductions consistently occur in September, and for 2050M these vary between 0.13 m (90% probability) and 0.36 m (10% probability). For the 50% probability level and this time slice, reductions increase from 0.20 m (Table 3 ). The dominant drying trend is further emphasized by the consistent reduction in mean water table elevation (Mean WTE) for all scenarios and by the fact that in the vast majority of scenarios (the exception being 2050L 90 ), over 50% of the simulated daily water table elevations decline from the baseline. Reductions from the baseline mean of 19.73 m OD range between 0.03 m (L90) and 0.16 m (H10) for the 2050s, with the corresponding range being 0.04 and 0.23 m for the 2080s. The very limited changes in the high water table elevations are demonstrated by the near consistent WTE-5 (the water table elevation exceeded for 5% of the time; Table 3 ) across the scenarios. Projected reductions (10-50% probability levels) and increases (70% and 90% probability levels) remain below a centimetre in magnitude, so that mean peak water table elevations in January-March are barely impacted (Fig. 8) .
The same general patterns are evident in the mean monthly water table elevations at Well 3.2, the other well located on the floodplain at a distance from the river (Fig. 8) , although there are some minor differences in the changes in winter peaks. Since, as outlined above, baseline water table elevations at this time of year vary between being at and just below the ground surface, the wetter winters projected by higher probability level scenarios do result in a slight increase in mean monthly water table elevations in a number of winter months (up to six, November-March for the 90% probability level scenarios). This is linked to an increase in the level to which the water table periodically falls after periods when it reaches the surface, rather than to substantial increases in the latter peaks. These changes are, however, much smaller (largest: 0.03 m for 2080H 90 ) than the declines in summer. Unlike the results for Well 1.4, the delayed rise in autumn groundwater levels for Figure 8 . Simulated mean monthly water table elevation at four shallow wells within Hunworth Meadow for the baseline and each UKCP09 scenario for the 2050s and 2080s. Note that whilst the absolute y-axis ranges vary between wells at the downstream (Wells 1.1 and 1.4) and upstream (Wells 3.1 and 3.2) ends of the floodplain, they cover the same range. (95) 2870 (82) 2177 (62) 1340 (38) 3472 (99) 3275 (94) 2725 (78) 2184 (63) 1545 (44) M 3464 (99) 3296 (94) 2787 (80) 2181 (62) 1537 (44) 3478 (100) 3252 (93) 2833 (81) 2197 (63) 1737 (50) H 3476 (100) 3270 (94) 2723 (78) 2134 (61) 1504 (43) 3467 (99) 2935 (84) 2761 (79) 2218 (63) 1769 (51) Well (86) 2739 (78) 2326 (67) 1707 (49) 3244 (93) 2977 (85) 2690 (77) 2337 (67) 1830 (52) M 3239 (93) 2996 (86) 2683 (77) 2343 (67) 1906 (55) 3275 (94) 2997 (86) 2720 (78) 2400 (69) 2036 (58) H 3273 (94) 2983 (85) 2657 (76) 2300 (66) 1841 (53) 3228 (92) 2742 (78) 2727 (78) 2449 (70) 2026 (58) the lowest probability level (10%) scenarios means that winter peak levels are more obviously lower than under baseline conditions. Whilst very similar overall patterns of change in scenario water table elevation are simulated for riparian wells as those on the floodplain, the proximity of the river does reduce the magnitude of declines in summer groundwater elevations (contrast Well 1.1 [Well 3.1] with Well 1.4 [Well 3.2] in Figs 6-8) . For example, the September declines in mean water table elevation at Well 1.1 for the 2050s Medium emission scenario vary between 0.04 m (90% probability) and 0.20 m (10% probability), considerably smaller than those previously reported for Well 1.4 (0.13 m and 0.36 m, respectively). Similarly, the Low, Medium and High emission scenarios for this time slice and the 50% probability level induce mean declines in September of 0.10, 0.11 and 0.12 m, respectively (0.20, 0.24 and 0.25 m for Well 1.4). The same range for the 2080s is similarly reduced to 0.12-0.20 m (from 0.23-0.40 m). WTE-95 declines for all scenarios (Table 3 ). Proximity to the river also leads to more obvious increases in mean monthly water tables in winter at Wells 1.1 and 3.1 compared to those further from the river (Fig. 8) . These increases are, however, still small in comparison to the declines in summer, the largest for Well 1.1 being 0.06 m in February for 2080H 90 , and are restricted to probability levels of at least 50% (30% in the case of 2080H). WTE-5 at Well 1.1 increases for the same scenarios as at Well 1.4, although again, changes are very small as are the declines for the other scenarios (Table 3) . Mean WTE at Well 1.1 increases for only one of the highest probability level scenarios (2050L 90 ), albeit by less than a centimetre. It is unchanged for three and declines (by less than a centimetre) for the other two high probability (90%) scenarios. With the exception of 2080M 90 and 2080H 90 , the 90% probability scenarios project higher daily water table elevations compared to baseline for over 50% of the simulation period. All of the other scenarios project declines in daily water table elevation for the majority of this period.
Floodplain inundation
Given the reported dominance of declines in peak river flows, and in turn the reduction in the frequency at which discharges exceed channel capacities associated with flooding (Table 2) , the majority of UKCP09 scenarios project declines in flood extent within the restored floodplain of Hunworth Meadow. The changing number of events when threshold channel capacities are exceeded for the different scenarios influences direct comparisons, but an indication of the impacts can be established using the eight events when baseline river discharge exceeded the 1.67 m 3 s −1 threshold that is required for widespread inundation. For all three emission scenarios and both time slices, declines in total flood extent compared to the baseline are projected for the 10-70% probability levels. The magnitude of the declines generally increases with lower probability level, higher emission scenario and later time slice. In percentage terms, there is considerable variability in the magnitude of the declines in flood extent for the different events within an individual scenario. For example, the largest mean percentage decline in flood extent for the eight events (56.9%) is projected by 2080H 10 , although the decline for an individual event varies between 23.5 and 78.2%. 2050L 70 projects the smallest mean decline (8.4%) with an inter-event range of 0.8-18.8%. For the 90% probability level scenarios, the direction of change in flood extent varies between events, with between one and five of the eight events increasing in flood extent for an individual scenario. The magnitude of the changes in either direction is relatively small, ranging between −7.2 and 5.4% across all 30 scenarios.
The impacts of the UKCP09 scenarios upon inundation within Hunworth Meadow can be illustrated in detail using the two flood events previously selected by to demonstrate the effects of embankment removal. The first event, which occurred on 18 July 2001, was the largest during the 10-year simulation period, with a baseline mean daily discharge of 3.1 m 3 s −1 . The second, smaller event (28 May 2007) was associated with a baseline mean daily discharge of 1.9 m 3 s −1 . For both events Figure 9 shows the simulated extent and depth of surface water under the baseline and the 10, 50 and 90% probability levels for the Medium emission scenario in the 2050s and 2080s. In common with the groundwater results, changes in inundation for the intervening probabilities (i.e. 30% and 70%) are approximately mid-way between the adjacent probabilities. This is demonstrated in Table 4 , which provides the total flooded area for both events along with the extent of surface water with depths of <0.05 m, 0.05-0.4 m and >0.4 m for all scenarios and both time slices.
The total extent of inundation during the largest flood event of the simulation period for the 10 and 50% probability levels declines in both the 2050s and 2080s (Fig. 9) . For the baseline, much of the Meadow is inundated, the exceptions being the isolated areas immediately adjacent to the river where embankments were not removed due to the presence of water vole burrows, and the far side of the floodplain where the surface elevation begins to increase towards the adjacent hillside. The extent of these areas expands with the lower probability levels, with the two dry riparian areas merging for the 10% probability scenarios in both time slices. The extent of the most deeply flooded areas constricts with a decline in probability level, and for 10% it is largely restricted to the MIKE SHE grid cells adjacent to the ditch that runs along the length of the floodplain. Conversely, at the highest (90%) probability level, the extent of this relatively deep water expands further away from the ditch compared to the baseline (Fig. 9) . Total flood extent appears to increase marginally, with a few previously dry MIKE SHE grid cells now being inundated. Figure 9 . Simulated surface water extents and depths within Hunworth Meadow for the baseline and the Medium emission scenario and probability levels of 10, 50 and 90% for the 2050s and 2080s for two flood events. Discharge values refer to the baseline/scenario mean daily discharges on the date of the event.
These changes are quantified in Table 4 , which demonstrates that the total flooded area for the large event on 18 July 2001 declines from a baseline of 21 300 m 2 for all the scenarios except those with a 90% probability level. For a given emission scenario and time slice, declines in flooded area increase as probability level declines. Generally, although not exclusively, greater reductions in total flooded area are associated with higher emission scenarios and the later time slice. For example, the total area inundated for the central (50%) probability level in the 2050s is projected to decline by 1150, 1475 and 1550 m 2 Table 4 . Baseline and UKCP09 scenario total flooded area and extent of areas flooded to different depth range for two flood events (18 July 2001 and 28 May 2007) . Discharge values refer to the baseline mean daily discharges on the date of the event. (equivalent to 5.4, 6.9 and 7.3%) for the Low, Medium and High emission scenarios, respectively. These reductions increase in magnitude to 1275, 1750 and 2275 m 2 (6.0, 8.2 and 10.7%) for the 2080s. The 10% probability level scenarios induce declines in total inundation of between 3075 m 2 (14.4%, Low) and 4075 m 2 (19.3%, High) for the 2050s, with the corresponding range for the 2080s being 3625-5000 m 2 (17.0-23.5%). At the other extreme, the increases in total flood extent projected for the 90% probability level are relatively small, ranging between 450 m 2 (Medium) and 650 m 2 (Low) (2.1-3.1%) for the 2050s and from 400 m 2 (High) to 575 m 2 (Low) (1.9-2.7%) for the 2080s. At most, only an additional 26 MIKE SHE (5 m × 5 m) grid cells are inundated (for 2050L 90 ) compared to the baseline. The extent of very shallow (<0.05m) flooding during the large event is projected to decline for the vast majority of scenarios of 30% and above probability, exceptions being small reductions of 50 and 100 m 2 (or only two and four MIKE SHE grid squares) for 2080M 30 and 2080H 30 , and no change for 2050H 30 (Table 4 ). The largest reductions in total inundated area reported above for the 10% probability level scenarios are accompanied by increases in the extent of shallow flooding, which for the 2050s range between 475 m 2 (High) and 825 m 2 (Low) (17.8-30.8%) and for the 2080s between 625 m 2 (Low) and 1225 m 2 (High) (23.4-45.8%). In consequence, shallow flooding makes up a larger proportion of the total flooded area at low probability levels, whilst this proportion declines as probability level increases. For example, of the total area flooded for the 2050M 10 scenario, 18.9% is less than 0.05 m deep compared to 12.6% for the baseline (Fig. 9 ). This declines to 11.6 and 9.4% for the 2050M 50 and 2050M 90 , respectively. For the 2080s the corresponding figures are 20.4, 11.1 and 9.0%. The extent of inundation of between 0.05 and 0.4 m declines for all scenarios except four of the 70% probability level scenarios where it remains the same. The largest declines from the baseline are associated with the 10% probability level and range between 2125 and 2500 m 2 (15.4-18.1%) for the Low and High emission scenarios in the 2050s and between 2250 and 3900 m 2 (16.3-28.6%) for the same scenarios in the 2080s. The magnitude of the declines decreases towards the 70% probability level scenarios and increases thereafter, although at the 90% probability level all declines remain below 4%. Flooding of this range of depths accounts for a relatively stable proportion of the total area flooded (baseline: 64.8%; scenarios: 60.7-69.4%). Only the 90% probability level scenarios produce increases in the extent of the deepest (>0.4 m) flooding, with declines projected for the other scenarios (no change for two 70% probability level scenarios). The area in which flooding exceeds a depth of 0.4 m increases by between 1300 m 2 (Medium) and 1525 m 2 (High) (26.9-31.6%) for the 2050s, with the corresponding range for the 2080s being 1500 m 2 (Low and Medium) to 1625 m 2 (High) (31.1-33.7%). At the other extreme, the 10% probability level scenarios project slightly larger reductions in the extent of relatively deep flooding, with declines of between 1775 m 2 (Low) and 2050 m 2 (High) (36.8-42.5%) for the 2050s and between 2000 m 2 (Low) and 2325 m 2 (High) (41.5-48.2%) for the 2080s. Mirroring the changes in shallow flooding, inundation exceeding 0.4 m accounts for a larger proportion of the total flooded area as probability level increases. For example, whilst for the baseline it accounts for 22.7% of the total flooded area, this declines to 15.9% for 2050M 10 . A smaller decline to 20.8% occurs for 2050M 50 , whilst deeper flooding accounts for 28.2% of the area inundated in 2050M 90 . The corresponding figures for the 2080s are 15.6, 20.5 and 29.1%, respectively. Table 4 demonstrates that for the second event all scenarios project declines in total flood extent compared to the baseline. In common with the largest event of the simulation period, the magnitudes of the declines in inundated area are greater for the lowest probability level and decline with increasing probability. For example, the total area shown during this event for the 2050M 10 scenario is 8850 m 2 (36.3%) smaller than the baseline area of 24 375 m 2 . The magnitude of this decline reduces to 4675 m 2 (19.2%) for 2050M 50 , whilst for 2050M 90 total flood extent declines by only 1425 m 2 (5.8%). This trend is repeated for the 2080s, with the corresponding reductions for the same probability levels and the Medium emission scenario being 9600, 5650 and 2575 m 2 , respectively (39.4, 23.2 and 10.6%). The same pattern of declines for all the scenarios in the extent of shallow (<0.05m) flooding is displayed in Table 4 . The largest declines in percentage terms are associated with the extreme (10 and 90%) probabilities, with the magnitude of the reductions declining towards the more central probabilities. For example, for 2050M the 10% probability level is associated with a decline of 4175 m 2 (38.5%). This declines to 3075 m 2 (28.3%) for 50%, only to increase to 3650 m 2 (33.6%) for the 90% probability level. The equivalent figures for 2080M are 4450 m 2 (41.0%), 3850 m 2 (35.5%) and 4925 m 2 (45.4%). Unsurprisingly, shallow flooding makes up a greater proportion of the total flood extent compared to the larger event shown in Figure 9 , with a range of between 25.1 and 45.9% (mean 37.3%), a decline in all but one case (2050L 10 ) from the baseline (44.5%).
Despite the declines in total flood extent for all the scenarios during the 28 May 2007 event, the extent of deeper inundation does appear to increase for the two 90% probability level scenarios (Fig. 9 ). In particular, the width of the more deeply flooded area linked to the floodplain ditch expands. Table 4 shows that the extent of flooding of both the 0.05-0.4 m and >0.4 m depth ranges increases for this as well as the 70% probability level, following the patterns of increases in Q5 discharges and the frequency of post-restoration bankfull discharge exceedence (Table 2) . For the 2050M 90 and 2080M 90 scenarios shown in Figure 9 , the area flooded to depths above 0.4 m increases by 525 m 2 (19.6%) and 550 m 2 (20.6%), respectively, compared to the baseline (2675 m 2 ). At the other extreme, reductions in the extent of this relatively deep flooding are projected for the 10% probability level with, for example, declines of 900 m 2 (33.6%) and 1025 m 2 (38.3%) for the Medium emission scenario in the 2050s and 2080s, respectively. The comparable figures for the 0.05-0.4 m depth range are declines of 3775 m 2 (34.8%) and 4125 m 2 (38.0%). The central (50%) probability level scenarios project a reasonably consistent decline of between 200 m 2 (7.4%) and 275 m 2 (10.3%) in the area flooded to depths in excess of 0.4 m in both time slices. Declines of similar magnitude in percentage terms are projected for the 0.05-0.4 m depth range. The areas flooded within this range make up an almost consistently larger proportion of the total area flooded (range: 43.4-59.0%, mean: 50.0%, exceptions being the two Low, 10% probability scenarios) compared to the baseline (44.5%), whilst results for the deepest range are variable, with some declines from the baseline (11.0%) for the lowest probability level and increases for higher probabilities, although they never exceed 16.0%.
Discussion
Uncertainty in the direction of floodplain hydrological changes at Hunworth Meadow is driven by projected changes in precipitation. As noted by Jenkins et al. (2009) and Thompson (2012) , UKCP09 projections of future precipitation vary in both magnitude and direction. Whilst the changes that are as likely as not to be exceeded (50% probability level) are associated with small (1.8-3.5%) declines in annual precipitation, declines and increases of roughly equal magnitude (20-30%) are projected for those probability levels that are linked to changes that are very likely and very unlikely (10 and 90% probability) to be exceeded, respectively. For most scenarios, summers are, to varying degrees, projected to be drier and winters wetter. In contrast, there is much less uncertainty in the direction of change in PET with increases projected for all but the lowest probability level (small decreases). This dominance of precipitation in the uncertainty of future climate, and in turn hydrological impacts, reflects other studies using projections derived from alternative parameterizations of a single GCM (e.g. House et al. 2016a) or multiple GCMs (e.g. Thompson et al. 2013 , 2017 , Ho et al. 2016 . Whilst the figures presented herein for net precipitation provide initial indications of the potential hydrological impacts of changes in climate, they represent a simplification, since actual evapotranspiration will decline below potential rates when limited by available soil moisture, a process that is simulated by both the NAM and MIKE SHE models , House et al. 2016a . Notwithstanding this issue, the uncertainty in the direction of change in net precipitation (precipitation -PET) is smaller than that of precipitation due to the moderating influence of higher PET in most scenarios. Only the 90% probability level suggests wetter (higher net precipitation) conditions at an annual level. All scenarios suggest a decline from the baseline in the number of months with positive net precipitation. Given that the changes projected for the 90% probability level are very unlikely to be exceeded, a drying trend clearly dominates.
This dominance of drier conditions is confirmed by the scenario discharge time series for the River Glaven. Mean discharge declines for all of the 10-50% probability level scenarios (and half of the 70% probability level scenarios) whilst the drying trend is even less equivocal for high and low flows; declines in Q5 and Q95 are projected for all but the 90% probability level. The simple comparison of discharge and channel capacity suggests that, for the central probability level, the incidence of extensive overbank flooding will be at least halved and for the extreme low probability (10%) cut to one event in 10 years. Only the 90% (and hence very unlikely) probability level suggests increased frequency of such flooding (with an additional two events for all the scenarios of this probability level). Performance of the relatively simple lumped conceptual NAM rainfallrunoff model used in the derivation of these scenario discharges is generally very good at a monthly time step, although at smaller time steps the model underperforms in simulating some peak flows. Since this may, as suggested above, be related to landscape heterogeneity (Fiener et al. 2011 ), more distributed modelling approaches might improve performance. For example, in their assessment of climate change impacts, Singh et al. (2010 Singh et al. ( , 2011 employed MIKE SHE models of upstream catchments that included spatially distributed land cover to provide river flows to a wetland model. In the case of the Glaven this would require not only the distribution of different land cover types, which could be obtained from digital map data or remote sensing (e.g. Thompson 2012 ), but also, in order to accurately represent the agricultural landscape, details on crop types and their rotation, information that might not be readily available across the whole catchment. Given that the NAM model was used to derive monthly delta factors that were then used to perturb gauged discharges and so provide boundary conditions for the Hunworth MIKE 11 model (House et al. 2016a ) rather than driving this latter model directly, its performance at a monthly time step is nonetheless considered suitable for the approach employed in this study. It is appropriate to acknowledge the inherent assumption that catchment rainfallrunoff processes, including those related to land cover, are not modified as a result of climate change. Climate change is, however, likely to lead to agricultural changes including shifts in growing seasons and crop species (e.g. Bindi 2002, Bindi and Olesen 2011) , which, given the important influence of land cover on runoff (e.g. Brown et al. 2005) , creates additional uncertainty in future river flows.
Drier conditions predominate on the floodplain, with reductions in water table elevation and flood extent being projected for most scenarios. The greatest changes occur in summer when the largest reductions in water table elevation are projected, although the magnitude of these declines varies from year to year. All scenarios, irrespective of probability level, project declining mean summer water table elevations, with the result that WTE-95 declines. Away from the river (e.g. Well 1.4) these declines are at least 0.11 and 0.18 m for the 2050s and 2080s, respectively (in both cases for the L 90 scenarios), and for the H 10 scenarios in these same two time slices are at least 0.31 and 0.34 m, respectively. In most scenarios, the water table still reaches the surface, although the length of the period of high levels declines with probability level. Changes in peak and WTE-5 are small (e.g. no more than 0.01 m for Well 1.4), since groundwater that intercepts the surface is distributed across the floodplain, supplementing any surface inundation. The overall result of these changes is enhanced seasonality in floodplain water table elevation, echoing studies of the impacts of climate change upon UK river flows (e.g. Romanowicz et al. 2006 , Johnson et al. 2009 , Thompson 2012 ) and wetland groundwater levels (e.g. Acreman et al. 2009, Thompson et al. 2009 , Herrera-Pantoja et al. 2012 . Groundwater elevations closer to the river under both baseline and scenario conditions are more dynamic than across the wider floodplain, most likely due to the influence of relatively slow bidirectional sub-surface exchange between the shallow floodplain aquifer and the river (Clilverd et al. 2013) and, following embankment removal, localized inundation of the immediate riparian area and the subsequent drainage of water back to the river . However, they still, undergo the same pattern of enhanced seasonality, albeit of a smaller magnitude due to the moderating influence of their proximity to the river (e.g. declines in WTE-95 at Well 1.1 are approximately half as large as those at Well 1.4).
The impacts of a given climate change scenario upon the extent of inundation during an individual flood event will vary with a number of factors. These include the original baseline discharge, which will determine whether the perturbed scenario discharge exceeds the critical bankfull threshold, as well as the original total extent of inundation and its depth distribution. The perturbed discharge itself depends upon the date of the event, and hence the discharge delta factor, whilst the impact of an overbank eventshould it occurwill be conditioned by antecedent hydrological conditions on the floodplain, such as water table elevations and soil moisture (Baker et al. 2009 ), which themselves will vary with time of year and scenario. The multiple factors account for the relatively large inter-event range in the reductions in total flood extent reported for any single scenario. Irrespective of these issues, declines in flood extent dominate the scenario results and, even for the highest (90%) probability level, declines in the total area of inundation are projected for at least three of the events for which baseline discharges were above bankfull capacity. argued that removal of the embankments bordering the River Glaven has promoted drainage of water from the floodplain towards the river as levels in the latter decline. Any increases in flood extent projected by individual scenarios as a result of increases in river flow or higher water tables are therefore likely to be short-lived.
Given the reported strong controls exerted by hydrological conditions upon wetland vegetation (Baldwin et al. 2001 , Wheeler et al. 2009 ), animals (Ausden et al. 2001 , McMenamin et al. 2008 ) and biogeochemical cycling (McClain et al. 2003 , Lischeid et al. 2007 , the changes reported for Hunworth Meadow will have likely implications beyond modifications to groundwater levels and flood extent. For example, wetland plant species and communities have specific and critical ecohydrological requirements that include characteristics of the water level regime (e.g. Wheeler et al. 2004 ) such that even relatively small changes in the depth to the water table as well as the frequency, depth and duration of flooding could lead to shifts significant shifts in the vegetation composition (e.g. Duranel et al. 2007 , Old et al. 2008 . Combining the ecological requirements, if they are known, of a site's vegetation with modelled water table elevation provides a means of assessing if a specific scenario is likely to cause water tables to be "out of regime" or at risk of moving out of the regime required for specific current or target vegetation communities. Similarly, relationships between hydrological conditions (including wetland water table elevation and flood extent as well as river discharge and level) and other biota including invertebrates, fish and birds have been used to assess climate change-related implications for these species (e.g. Thompson et al. 2009 , Carroll et al. 2015 , House et al. 2016a , 2017 . These approaches require hydrological models, such as the MIKE SHE model of Hunworth Meadow, that can accurately simulate hydrological conditions at a resolution commensurate with the magnitude of hydrological change likely to lead to ecological responses (Wheeler et al. 2004 ). House et al. (2016a) , for example, assessed the implications of climate change-driven modifications to hydrological conditions within a riparian wetland in southeast England upon the MG8 vegetation community (Cynosurus cristatus-Caltha palustris grassland) of the UK NVC (Rodwell 1992 ), a community of nature conservation concern. They demonstrated a general reduction in suitability of future hydrological conditions for this community based on MIKE SHE simulated water table levels and estimates of desirable water table depths. Similarly, Thompson et al. (2009) used the sum exceedence value for aeration stress (SEVas) approach proposed by Sieben (1965) , and adapted to wet grassland communities by Gowing et al. (1998) , to identify potential loss of specialized wetland plants due to climate change-induced declining groundwater levels within the Elmley Marshes, an internationally important site in southeast England. This approach uses water table position as a proxy for aeration stress. A MIKE SHE model provided simulated water table elevations for climate scenarios taken from UKCIP02, the preceding generation of UK climate projections to those employed in the current study.
A preliminary analysis for Hunworth Meadow, using the same SEVas approach and simulated water table elevations for the two wells on the floodplain for which detailed results are presented above, suggests declines in mean annual SEVas, and hence soil anoxia, for all scenarios for Well 1.4 and all but 2050L 90 (+2%) for Well 3.2. At both wells the 50% probability level is associated with declines in SEVas of around 28 and 33% in the 2050s and 2080, respectively, with limited variations between emission scenarios. For the extreme low (10% probability) the mean declines in SEVas at Well 3.2, which is on the drier part of the floodplain, are around 50 and 55% for the two time slices. The wetter conditions at Well 1.4 induce smaller changes (37 and 41%, respectively). At the other extreme (90% probability), larger SEVas reductions are projected at the latter well (2050s: 11%; 2080s: 18%) in contrast to Well 3.2 (increase of 0.3%, decrease of 5%, respectively). Given this spatial variability, linking changes in SEVas to the detailed vegetation surveys presented by would be a useful extension of the work presented herein, and could provide a site-wide assessment of vegetation responses to hydrological changes. Additional drivers of change that would merit inclusion in such an assessment could include changes in nutrient dynamics linked to the role of floods in delivering nutrient-rich water and flooddeposited sediment, which in turn increases habitat heterogeneity (e.g. Gowing et al. 2002 , Woodcock et al. 2005 ) and rates of biogeochemical cycling (e.g. Pinay et al. 2002) . Embankment removal and the resultant increased frequency of inundation may have increased nutrient enrichment from this source with implications for plant species richness (e.g. Verhoeven et al. 1996 , Michalcová et al. 2011 , Clilverd et al. 2013 . However, most climate change scenarios suggest a decline in the frequency and extent of inundation which would, in turn, diminish this source of nutrients, while information on sediment deposition rates and nutrient concentrations is currently lacking, leading to further uncertainties in potential future hydro-ecological conditions within Hunworth Meadow. That said, embankment removal, even under the lowest probability level scenarios, still means that at least one event during the 10-year simulation period employed in this study exceeds bankfull channel capacity, whilst the higher pre-restoration channel capacity is not exceeded by the discharge for the baseline or any of the climate change scenarios. This suggests that some benefits of embankment removal, such as increasing habitat connectivity and heterogeneity from flood disturbance by, for example, facilitating seed dispersal (Merritt et al. 2010 , are likely to be retained. Floodplain restoration may, therefore, facilitate some adaptation to the predominantly drier conditions with benefits for floodplain ecological integrity that would not be possible on floodplains that remain largely isolated from the adjacent river channels.
Conclusions
The application of an existing MIKE SHE/MIKE 11 model, a new NAM rainfall-runoff model and a selection of scenarios drawn from the UKCP09 projections representing different probabilities for low, medium and high emission scenarios for the 2050s and 2080s has enabled assessments of the potential impacts of climate change, and their associated uncertainty, on hydrological conditions within the floodplain of the Hunworth Meadow restoration site in North Norfolk. There is some uncertainty in the direction of change in precipitation depending upon probability levels. Annual precipitation declines for probability levels of 50% and below, with the magnitude of declines generally increasing with declining probability, higher emission scenario and more distant time slice. The 50% probability level, associated with changes that are as likely as not to be exceeded, projects small declines (<3.5%). Direction of monthly precipitation change also varies with probability level; more central probabilities suggest wetter winters and drier summers, whilst year-round declines/increases are projected for the two extreme probability levels. In contrast, with the exception of the 10% probability level, PET increases for all scenarios, with larger changes projected for higher probability levels and emission scenarios, and the more distant time slice. To some extent, the larger gains in PET for higher probability levels counteract increases in precipitation. Only the 90% probability level scenarios suggest higher annual net precipitation, whilst all scenarios project declines in the frequency of months with positive net precipitation.
Scenario river discharge is predominantly lower than the baseline. All of the 10-50% and half of the 70% probability level scenarios experience reductions in mean discharge. For the 50% probability level, these declines are around 11-12% (2050s) and 11-17% (2080s). High and low flows, represented by Q5 and Q95 discharges, decline for all scenarios except those of the 90% probability level. The magnitude of changes in high flows, which are of particular significance given the impacts on potential inundation of the adjacent floodplain, are in percentage terms very similar to those for mean discharge. The incidence of bankfull discharges being exceeded declines for all but the 90% probability level and is at least halved for the 50% probability level.
For most climate change scenarios Hunworth Meadow becomes drier. Whilst in most cases the floodplain water table simulated by MIKE SHE still reaches the ground surface, the period of high groundwater declines with increasing probability level, emission scenario and future time slice, whilst any increases in the highest water tables are very small (<0.05m). All scenarios project a decline in summer water tables and hence enhanced seasonality in groundwater levels. Larger declines are simulated on the floodplain compared to locations closer to the river. Simulated flood extent on the Meadow declines for the vast majority of scenarios, with increases only projected for the 90% probability level. Since such changes are very unlikely to be exceeded it can be concluded that declines in flood extent will dominate. The magnitude of these declines varies from event to event but follows the general pattern of becoming more severe with lower probability level, higher emission scenario and future time slice. These hydrological changes are likely to induce ecological responses with, for example, the dominant drier conditions reducing aeration stresses to which the current vegetation has become largely adapted, potentially allowing stronger competitors to invade parts of the site. The nature of these ecological impacts may, however, also be conditioned by additional factors themselves linked to hydrological modifications such as changes in flood-borne sediment and nutrients as well as wider catchment rainfall-runoff processes.
